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End-to-end fusion of critically shortened telomeres in
higher eucaryotes is presumed to be mediated by nonho-
mologous end-joining (NHEJ). Here we describe two PCR-
based methods to monitor telomere length and examine
the fate of dysfunctional telomeres in Arabidopsis lacking
the catalytic subunit of telomerase (TERT) and the DNA
repair proteins Ku70 and Mrell. Primer extension telo-
mere repeat amplification relies on the presence of an
intact G-overhang, and thus measures functional telomere
length. The minimum functional telomere length detected
was 300-400 bp. PCR amplification and sequence analysis
of chromosome fusion junctions revealed exonucleolytic
digestion of dysfunctional ends prior to fusion. In ku70 tert
mutants, there was a greater incidence of microhomology
at the fusion junction than in tert mutants. In triple ku70
tert mrell mutants, chromosome fusions were still de-
tected, but microhomology at the junction was no longer
favored. These data indicate that both Ku70 and Mrell
contribute to fusion of critically shortened telomeres in
higher eucaryotes. Furthermore, Arabidopsis processes
critically shortened telomeres as double-strand breaks,
using a variety of end-joining pathways.
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Introduction

It is essential that cells have an effective mechanism to
differentiate telomeres from DNA double-strand breaks.
Proper telomere maintenance requires the functional ele-
ments of the telomere itself, as well as recognition by systems
that would otherwise signal the presence of DNA damage.
Telomeres have a distinctive nucleoprotein structure charac-
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terized by a G-rich repetitive DNA sequence ending in a 3’
single-strand overhang, which is thought to assume a com-
plex secondary structure (t-loop) to sequester the chromo-
some terminus in a sheltered position (Wei and Price, 2003).
Specific DNA-binding proteins recognize and associate with
either double-strand or single-strand telomeric repeat se-
quences providing further protection for the terminus.

One function of the telomere is to prevent end-to-end
chromosome fusion. Fusions can be induced through pertur-
bation of the telomeric DNA sequence or depletion of telo-
mere-associated proteins, such that the structure of the
telomere is fundamentally altered (Ferreira et al, 2004).
Telomerase activity is necessary for telomere maintenance.
In addition, the appropriate complement of telomere-asso-
ciated proteins must be present to assure that the telomere
assumes a fully capped configuration, and is excluded from
processing by DNA damage repair systems.

End-to-end chromosome fusion is a common outcome in
cells with dysfunctional telomeres, suggesting that uncapped
chromosome ends are often recognized and processed as
DNA double-strand breaks (Ferreira et al, 2004). In both
mammals and yeast, fusion of chromosomes with critically
shortened telomeres requires components of the nonhomo-
logous end-joining (NHEJ) pathway. Moreover, several DNA
repair proteins, including Ku and the MRX complex (Mrell,
Rad50 and Xrs2/Nbsl), localize to telomeres in wild-type
cells, and are essential for recognition or maintenance of the
telomere (Ferreira et al, 2004).

The precise role of DNA repair proteins at the telomere is
unclear, and varies between different species. For example, loss
of Ku function via disruption of the KU70 or KU80 genes leads to
telomere tract extension in Arabidopsis, but chromosome fusion
is not observed (Bundock et al, 2002; Riha et al, 2002; Gallego
et al, 2003a). In contrast, telomere length is not dramatically
altered in mammalian cells in the absence of Ku, but end-to-end
chromosome fusions are formed, consistent with uncapping of
the telomere (Bailey et al, 1999; Samper et al, 2000). Fusion of
critically shortened telomeres proceeds efficiently without Ku70
in Arabidopsis (Riha and Shippen, 2003), but requires Ku
function in mammalian cells (Espejel et al, 2002). Fusion of
uncapped telomeres can also occur in the absence of conven-
tional Ku-dependent NHEJ in yeast (Baumann and Cech, 2000;
Mieczkowski et al, 2003). Together, these observations imply
that dysfunctional telomeres can be joined by alternative NHEJ
pathways. Examination of DNA double-strand break repair in
yeast lacking Ku demonstrated a distinct pathway of microho-
mology-mediated end-joining (MMEJ) that requires the MRX
complex (Ma et al, 2003). Although the biochemical properties
of the mammalian Mrell protein indicate that it has the
potential to function in NHEJ (Paull and Gellert, 2000;
D’Amours and Jackson, 2002), this hypothesis has not been
tested in vivo, as null mutations involving Mrell are lethal
(Yamaguchi-Iwai et al, 1999).
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Arabidopsis is emerging as an attractive higher eucaryotic
model for telomere biology because it displays a remarkable
tolerance to telomere dysfunction and genome instability.
Progressive telomere shortening in telomerase mutants ulti-
mately leads to sterility and massive genome instability.
However, terminal generation plants are viable despite end-
to-end fusion of up to half of the chromosomes (Riha et al,
2001; Riha and Shippen, 2003). Thus, Arabidopsis provides a
rich source of material to examine the outcome of chromo-
some fusion at the molecular level. In addition, the DNA
sequences immediately adjacent to the telomeric repeats in
Arabidopsis are not highly repetitive, and regions of unique
sequence are present near most chromosome ends. Hence,
the Arabidopsis genome is well suited to the independent
analysis of telomeres from various chromosome arms, and
offers the potential to examine the fate of individual telo-
meres in different genetic settings.

Here we report the development of two PCR-based meth-
ods that exploit the unique subtelomeric DNA sequences at
Arabidopsis telomeres to measure precisely the length of the
telomeric tract of individual chromosomes and to amplify
and characterize chromosome fusion junctions arising from
telomere dysfunction. We show that when Ku is functional,
chromosome fusion junctions formed between critically
shortened telomeres display hallmarks of conventional NHEJ
with evidence of exonucleolytic processing and frequent
small insertions (Feldmann et al, 2000; Kirik et al, 2000).
However, when critically shortened telomeres associate in the
absence of Ku70 the architecture of the fusion joint is altered,
and a more homology-driven mechanism mediates fusion.
Remarkably, fusion of critically shortened telomeres still
occurs in triple ku70 tert mrell mutants, but the junctions
display a significant decrease in microhomology. These data
not only provide in vivo evidence that Mrell contributes to
MME]J reactions in higher eucaryotes, but also illustrate the
complexity of NHEJ pathways.

Results

Unique subtelomeric sequences in Arabidopsis

A search of the Arabidopsis genomic sequence database
yielded terminal DNA sequence information for the eight
non-rDNA bearing Arabidopsis chromosome arms (Richards
et al, 1992; Kotani et al, 1999; Arabidopsis Genome Initiative,
2000). To confirm the sequence in wild-type plant stocks
segregated from the tert mutant line (ecotype Columbia),
subtelomeric sequences from 1R, 1L, 2R, 3L, 3R 4R, 5L
and 5R (where R corresponds to South and L to North;
Arabidopsis Genome Initiative, 2000) were amplified via
PCR using a telomeric repeat primer in combination with a
chromosome-specific primer. The PCR products were cloned
and sequenced. Only minor deviation from the published
sequence was noted, specifically involving chromosomes 2R
and 4R. Although a subtelomeric primer was designed for
chromosome 3R, we were unable to isolate the most distal
subtelomeric sequence for that chromosome. Pairwise BLAST
analysis showed limited regions of homology within the 2 kb
of subtelomeric DNA immediately proximal to the start of
each telomere repeat sequence, with the exception of chro-
mosomes 1R and 4R, which share an extensive region of
homology. No highly repetitive sequences were identified
near the telomeric repeats (Supplementary Figure 1).
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A novel PCR method to monitor individual telomere size
The presence of unique subtelomeric sequences in
Arabidopsis allowed us to examine telomere length for in-
dividual chromosome ends. We devised a PCR-based techni-
que called primer extension telomere repeat amplification
(PETRA) that requires the G-overhang, a key structural ele-
ment necessary for telomere function, and can accurately
determine telomere length at multiple chromosome ends
from a single plant.

The principle of PETRA is outlined in Figure 1A. An
adaptor primer (PETRA-T) is hybridized to the 3’ G-rich
overhang at the chromosome terminus. PETRA-T consists of
12 nucleotides complementary to the telomeric G-strand at its
3’ end, with a 5 end that bears a unique sequence tag. Once
annealed, the PETRA-T primer is extended by DNA Poll; the
formation of PETRA products is dependent upon the action of
DNA Pol1 (Figure 1C). We previously showed that this primer
extension reaction requires the presence of an intact G-over-
hang (Riha et al, 2000). In the next step of PETRA, telomeres
of specific chromosome arms are amplified by PCR using a
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Figure 1 Measurement of telomere length by PETRA. (A) Diagram
of the PETRA method. (B) TRF analysis for the right arm of
chromosome 2 (2R) from a G4 tert mutant. The calculated telomere
length is ~2.2kb. (C) PETRA for 2R using the same DNA sample
carried out in the presence (+) or absence (—) of DNA Poll. A
doublet of bands is resolved, yielding a calculated telomere length
of 2.2 and 2.4 kb. (D) PETRA for different chromosome arms using a
wild-type DNA template. A single diffuse band is detected for most
chromosomes; calculated telomere length ranges from 3030 to
4300bp. Open arrowhead, shortest telomere; closed arrowhead,
longest telomere.
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Table I Summary of PETRA results for tert and ku70 tert mutants

P 1L 1R 2R 3L 4R SL S5R Ave  Range
tert
G5, line 69
1 WT 1530 1280 1600 2150 1490 1250 1530 1640 880 1480 1270
2 WT 1470 1260 2200 1420 1250 ND 890 1415 1310
3 WT 14901230 1330 1940 1220 1020 1600 1380 580 1310 1360
4 WT 1460 1180 2280 2090 1840 1520 1190 1770 990 1590 1290
G9, line 69
1 II-T 920 ND 410 510 ND 810 580 500 620 510
2 II-T 600 500 360 300 440 ND 780 540 500 480
3 II-T 950 ND 520 620 ND 790 890 320 680 630
4 II-T 890 390 520 730 ND 930 ND 690 540
5 II-T 660 300 310 440 ND 700 610 500 400
6 II-T 900 ND 350 460 ND 460 710 550 570 550
7 II-T 1040 460 1150 750 ND 880 710 830 690
Pool T 710 530 360 1140 590 ND 880 760 260 650 880
ku70 tert
G4, line 52
1 I ND 1160 700 ND 910 1600 ND 1100 1090 900
2 I ND 470 1100 970 1620 ND 630 960 1150
3 I ND 640 1180 980 800 2670 2290 2020 1460 ND 1010 1450 2030
4 I ND 1400 2570 1470 2010 1550 3200 ND 1610 820 1830 2380
5 I ND 1310 2210 1410 1660 3070 ND 1390 1840 1760
6 I ND 960 1100 1340 720 1900 ND 770 1130 1180
7 I ND 810 840 1150 670 1530 ND 720 950 860
8 T ND 730 1030 740 2280 2050 ND 1170 1330 1550
9 T 640 420 360 1040 1390 970 ND ND 440 750 1030
Pool T ND 740 540 480 1080 1030 700 1690 1560 ND 650 590 910 1210

Values in bold indicate chromosomes for which fusion PCR products were cloned. Phenotypes (P) for the mutants are indicated. ND = not

determined.

unique subtelomeric primer and PETRA-A, a primer whose
sequence is identical to the tag on the 5 terminus of PETRA-T.
PCR products are detected by Southern hybridization using a
telomeric repeat probe.

We tested the PETRA assay by evaluating the 2R telomere
in a fourth-generation (G4) tert mutant. Terminal restriction
fragment (TRF) analysis of genomic DNA digested with
HindIll detected a single 4kb band (Figure 1B). Since the
HindlIll site is located 1.8 kb proximal to the telomeric re-
peats, the size of the telomere at 2R in this plant is approxi-
mately 2.2kb. PETRA reactions were performed with the
same DNA, using a 2R primer that binds 500bp upstream
from the telomeric repeats. A doublet of bands (2.7 and
2.9kb) was resolved (Figure 1C) indicating that the 2R
telomere in this plant is comprised of two subpopulations
of 2.2 and 2.4 kb in length. PETRA analysis of telomere length
for other individual plants typically revealed only one or two
bands for each chromosome arm, including 2R. Sequence
analysis confirmed that PETRA products represent the pre-
dicted subtelomeric and telomeric sequences for the targeted
chromosome (data not shown). These findings correlate well
with previous TRF analysis of tert mutants using subtelo-
meric probes (Riha et al, 2001), and demonstrate that PETRA
provides a sensitive and accurate measure of telomere length
on individual chromosome arms.

Telomere size in telomerase-deficient mutants

In mammalian cells lacking telomerase, the shortest telomere
is the one most often involved in fusions (Hemann et al,
2001b), implying the existence of a minimum functional
telomere length below which the telomere is uncapped and
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available to participate in fusion events. To examine the
relationship between telomere length, loss of telomere func-
tion and the formation of chromosome fusions in
Arabidopsis, we determined telomere length for individual
chromosome arms in different generations of tert mutants
(Table I).

PETRA detected a single diffuse band for most chromo-
some ends in wild type (Figure 1D) and a much sharper band
in telomerase-deficient mutants (Figure 2A and B). Telomere
length varied considerably between the different chromo-
some ends and no single telomere was consistently found
to be the shortest or the longest in different generations
(Table I). As expected, bulk telomere length was significantly
reduced in G5 tert mutants (Figure 2A) relative to wild type
and diminished further by G9 (P=0.0003) (Figure 2B).
However, the size distribution of the telomere tracts (range
between longest and shortest telomere) in an individual plant
was dramatically compressed in G9 mutants relative to G5
(Figure 2C). On average, G5 telomeres covered a 1310bp
range (n=4), while in G9 telomeres occupied a much
narrower distribution of 630bp (n=7).

In tert plants, cytogenetic evidence for chromosome fu-
sion, manifest by the presence of anaphase bridges, correlates
with the onset of developmental and growth defects that are
either mild (Type I) or moderate (Type II). By G9, most plants
exhibit abundant anaphase bridges with severe growth de-
fects and sterility, hence the designation terminal (T) (Riha
et al, 2001). To determine the size of the shortest telomeres in
Arabidopsis that still retain a G-overhang, PETRA analysis
was performed for seven individual G9 tert mutants display-
ing either a Type II or T phenotype (Table I). The shortest
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Figure 2 Telomere length analysis for tert and ku70 tert mutants.
(A, B) PETRA results for single tert plants (line 69) at G5 and G9,
respectively. Telomere length in G5 ranges from 880 to 2150 bp, and
in G9 from 300 to 700bp. The shortest (open arrowhead) and
longest (closed arrowhead) telomeres are indicated. (C) Bar graph
illustrates the range of telomere length measured for individual G9
and GS tert plants (line 69). See Table I for a summary of telomere
length measurements. (D) PETRA results for a single ku70 tert plant
at G4 (line 52). The range of telomere length is from 360 to 1390 bp.

telomeres detected were 300-460bp (mean=360bp). The
minimum telomere length found for a pool of terminal G9
plants was even shorter at 260 bp.

Due to an accelerated rate of telomere shortening, ana-
phase bridges are first detected cytogenetically in ku70 tert
mutants (line 52) in G2, with many plants reaching the
terminal phenotype by G4 (Riha and Shippen, 2003). To
determine the minimal telomere length in this setting, we
used PETRA to evaluate two G4 ku70 tert mutants that
displayed a T phenotype (Figure 2D; Table I). In these plants,
the shortest telomere measured 360 and 730 bp, respectively.
The minimal telomere measured for a pool of terminal ku70
tert mutants was 480bp (n=4), a value slightly higher than
for tert mutants.

Molecular analysis of chromosome fusion junctions

in tert mutants

To further examine the relationship between telomere length
and loss of function, we developed a PCR assay to detect
chromosome fusions that exploits the existence of chromo-
some-specific PCR primers to amplify fusion junctions be-
tween chromosome ends (Figure 3A). The primers used for
fusion PCR were positioned approximately 500bp from the
telomere tract and were directed toward the chromosome
terminus. PCR products were detected by Southern blot,
using either a telomeric repeat or a specific subtelomeric
probe. PCR products were abundant in reactions carried out
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Figure 3 PCR amplification of chromosome fusion junctions. (A)
PCR strategy for amplification of fusion junctions. Arrows denote
unique subtelomeric primers directed toward the chromosome
terminus. PCR amplification occurs only when two subtelomeric
regions are joined end-to-end (oval: centromere; wavy line: telo-
mere). (B-D) Southern analysis of fusion PCR products using a
telomeric probe. Panel B shows fusion PCR results for different
subtelomeric primer combinations, using wild-type template DNA
and DNA from a pool of terminal G9 tert plants. Panels C and D
show fusion PCR results using the primers for chromosomes 1R and
3L, with template DNA prepared from different generations of tert
(line 20) (panel C) and ku70 tert (line 52) (panel D) mutants.
Results for a single plant are shown in each lane. Plant phenotypes
are indicated in parentheses.

with a G9 tert DNA template (Figure 3B), and typically
displayed a heterogeneous pattern of hybridization, with
products of varied size that sometimes appeared as a broad
smear. PCR products could be obtained for all chromosome

The EMBO Journal VOL 23 | NO 11 | 2004 2307



Arahid,

The fate of dysfunctional tel es in Ar
M Heacock et al

arms surveyed, although some specific primer combinations
gave negative results. PCR products were occasionally gen-
erated in wild-type DNA samples (Figure 3B), but sequence
analysis indicated that these rare products resulted from
fortuitous amplification of interstitial sequences (data not
shown).

To test whether the generation of fusion PCR products
paralleled the onset of cytogenetic defects, DNA was prepared
from wild-type and successive generations of tert mutant
plants (line 20; G4-G7), and PCR was performed using
primers specific for chromosomes 1R and 3L. PCR products
were not obtained in wild-type or G4 DNA samples
(Figure 3C; data not shown). In G5 faint bands were detected,
and in G6 and G7 products of greater complexity and abun-
dance were observed (Figure 3C). A similar result was
obtained with DNA from ku70 tert mutants (line 52)
(Figure 3D). A faint band was detected in G1 plants, products
of varied size were evident in G2 (data not shown), and
abundant products resulting in a broad smear of hybridiza-
tion were obtained using DNA from G3 and G4. These
findings correlate well with the onset of cytogenetic abnorm-
alities (Riha et al, 2001; Riha and Shippen, 2003), and
indicate that our PCR approach is a sensitive method for
detecting chromosome fusions.

To further characterize the structure of the fusion junc-
tions, and to correlate these structures with telomere length,
we cloned fusion PCR products generated using tert and
ku70 tert DNA samples that had previously been subjected
to PETRA analysis. Three different primer combinations
(IR-3L, 3R-3L, 2R-3L) were used to amplify chromosome
fusion junctions. In all, 39 clones from tert mutants (Type II
or T phenotype) and 38 from ku70 tert mutants (Type I or T
phenotype) were evaluated. Southern blot analysis showed
that the majority of the clones contained telomeric DNA and
sequences from both chromosome arms, consistent with
fusion of heterologous chromosomes (data not shown).

DNA sequence analysis revealed that 74 of the clones had
a structure consistent with end-to-end chromosome fusion,

Telomere—telomere

with two chromosome arms present in a head-to-head
orientation (Figure 4). Three basic configurations were ob-
served: telomere-telomere, telomere-subtelomere and sub-
telomere-subtelomere. Telomere-telomere fusions made up
only 11% of the clones for tert, but at 43% represented a
significantly larger proportion for ku70 tert (P=0.002).
Similar to what has been described for telomere-telomere
fusions in yeast (McEachern et al, 2000; Mieczkowski et al,
2003), we were unable to sequence completely through the
fusion junction in these clones. Telomere-subtelomere fu-
sions were the most abundant isolates obtained from both
tert (78%) and ku70 tert (51%) mutants. In contrast, sub-
telomere-subtelomere fusions represented only 11% of the
total for tert and 5% for ku70 tert. In three additional clones,
a more complex fusion junction was observed (Figure 4). In
this example, two copies of 1R were fused in a telomere-
subtelomere configuration; the copy of 1R with an intact
terminal sequence was truncated 69bp proximal to the
telomere, and the 3L telomere was fused at that point.
Telomeric DNA captured in the fusion junctions must arise
from an uncapped telomere. Since PETRA suggested that the
shortest functional telomeres were approximately 300-
400 bp, it was of interest to determine how much telomeric
DNA remained at the fusion junctions. The total length of the
telomere tract for telomere-telomere fusions was determined
by restriction mapping (Supplementary Tables I and II), but
because we could not sequence completely across the fusion
junction in these clones, the relative contribution of telomeric
DNA from each chromosome end is unknown. Telomere
tracts could be precisely measured in the telomere-subtelo-
mere fusions by DNA sequence analysis. For the clones
obtained from G9 tert mutants, telomeric DNA ranged from
122 to 457bp (mean=265bp) (Figure 5A; Supplementary
Table I). A similar value was obtained for clones derived from
G4 ku70 tert mutants, where telomere tracts ranged from 52
to 400 bp (mean = 241 bp; Supplementary Table II). While the
lengths of the telomere tracts in the fusion junctions roughly
correlated with the shortest functional telomeres detected by

ku70 tert
tert ku70 tert mrett

N=39 N=38 N=21

- owwerw 0 |-y 1% 43% 52%

Telomere—subtelomere

O A s WPy

Subtelomere—-subtelomere

" 2 v N = 11% 5%

Complex

/

@- N 2 1

Figure 4 Structure of chromosome fusion junctions isolated from tert, ku70 tert and ku70 tert mrell mutants. Only heterologous chromosome
fusion events are depicted. Extent of sequence deletion varied. Occasionally, short regions of new sequence were inserted at the fusion junction
(Supplementary Tables I-III). Dotted lines indicate truncation of telomeric and/or subtelomeric DNA. Inverted triangles denote inserted
sequences. The percentage showing a particular fusion structure for each genotype is indicated. Three examples of complex fusion junctions
were isolated, but not included in the comparative analysis of junction sequences.
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Figure 5 Chromosome fusion junction sequences from tert, ku70
tert and ku70 tert mrell mutants. (A) Histogram showing the
amount of telomeric DNA at the fusion junction in subtelomere-
telomere clones: tert (gray bars), ku70 tert (white bars) and ku70
tert mrell (black bars). (B) Histogram showing the size and
abundance of DNA insertion sequences at the fusion junctions.
(C) Distribution of the point of fusion within the deleted subtelo-
mere for telomere-subtelomere fusion events involving 1R and 3L
in tert and ku70 tert mutants. Closed arrowheads, tert fusions; open
arrowheads, ku70 tert fusions. A 39bp segment of subtelomeric
sequence from 3L is expanded; this sequence was a preferred
substrate for end-joining in the ku?70 tert background.

PETRA, it is striking that these domains were often fused
directly to subtelomeric DNA. Hence, dysfunctional telo-
meres generated by a telomerase deficiency often appear to
be substrates for exonuclease attack prior to end-joining.

Structural differences at the fusion junctions of tert
and ku70 tert mutants

Sequence analysis revealed intriguing differences at fusion
junctions formed in the presence or absence of Ku. In all,
54% of the tert fusion junctions evaluated contained an
insertion of a short region (1-145bp) of filler DNA
(Figure 5B; Supplementary Table I). In previous studies on
NHEJ, small insertions arise from both genomic and extra-
chromosomal DNA (Kirik et al, 2000). The origin of insertion
sequences in our clones could not be determined.
Significantly fewer of the ku70 tert clones harbored insertion
sequences (10%; P=0.001) and these were much shorter
(6-9bp) (Figure 5B; Supplementary Table II). Overall, most
insertions were less than 20bp, and all of the longer inser-
tions were found in the tert fusion junctions.
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Deletion of sequences at the fusion junction was common
for both tert and ku70 tert mutants. For tert clones, the extent
of erosion of subtelomeric DNA sequences varied substan-
tially, spanning 44-459bp (Supplementary Table I). The
fusion points were distributed fairly evenly throughout the
region of the subtelomeric DNA, although a 6bp region of
chromosome 3L exhibited a slight preference for the fusion
site (Figure 5C). Erosion of subtelomeric sequences was also
variable in clones derived from ku70 tert mutants, extending
from 3 bp to greater than 365bp (Figure 5C; Supplementary
Table II). However, in contrast to tert mutants, ku70 tert
mutants displayed a stronger bias in the choice of the fusion
substrate. For 10 of the 15 fusion junctions involving the
subtelomeric region of chromosome 3L, joining occurred
within a 39 bp region located 224-262 nucleotides from the
beginning of the telomere tract (Figure 5C). This region has a
similar sequence and C + A content to that of telomeric DNA,
suggesting that in the absence of Ku, homology between the
ends plays a more significant role in the end-joining reaction.
In support of this notion, nearly all of the ku70 tert telomere-
subtelomere fusions (83 %) included a small region of perfect
overlapping homology at the fusion junction, extending for
up to 12bp (Supplementary Table II). In contrast, only 39%
of the tert telomere-subtelomere clones displayed overlap-
ping homology (Supplementary Table I), indicating a signifi-
cant increase in microhomology (P=0.006). This analysis
confirms that Arabidopsis has the capacity to use both Ku-
dependent and Ku-independent mechanisms for fusion of
critically shortened telomeres. The data further indicate that
the Ku-independent mechanism has a greater reliance on
DNA homology, with a concomitant decrease in the fre-
quency of insertions at the fusion junction.

Role of Mre11 in fusion of critically shortened telomeres
In yeast, microhomology-mediated end-joining (MMEJ) is a
Ku-independent mechanism for repair of DNA double-strand
breaks that requires Mrell (Ma et al, 2003). Therefore, we
asked whether Mrell contributes to Ku-independent fusion of
critically shortened telomeres. An Mrell homolog has been
characterized in Arabidopsis (Bundock and Hooykaas, 2002).
As predicted, mutations in this gene (mrell-1 and mrell-2)
result in increased sensitivity to DNA damage. In addition,
telomeres were elongated in the mutants, suggesting that
Mrell contributes to telomere length maintenance. The
mrell-1 allele resulted in severe developmental defects and
sterility.

Our study focused on the DNA repair function of Mrell in
joining critically shortened telomeres. We used an mrell
allele, mrell-3, which harbors a T-DNA insertion within the
conserved phosphoesterase domain IV (Puizina et al, in
press). mrell-3 mutants showed vegetative growth defects
and sterility, consistent with the phenotypes described for the
mrell-1 mutant (Bundock and Hooykaas, 2002). However, in
contrast to the previous study, we did not detect telomere
elongation in the mrell-3 mutant (data not shown). A
detailed description of the mrell-3 mutation, including an
assessment of its impact on meiosis and genome stability,
will be presented elsewhere (Puizina et al, submitted).

To determine whether Mrell plays a role in MMEJ of
critically shortened telomeres in ku70 tert mutants, we gen-
erated ku70 tert mrell triple mutants by genetic crossing
(Figure 6A). Because disruption of Mrell results in complete
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Figure 6 Telomere length and chromosome fusions in ku70 tert
mrell mutants. (A) Triple ku70 tert mrell mutants were obtained
by crossing a plant heterozygous for T-DNA insertions in the TERT
and KU70 genes with a plant heterozygous for a T-DNA insertion in
MREII. F1 plants heterozygous for all three mutations were self-
pollinated and F2 plants homozygous for the tert and ku70 muta-
tions, and either heterozygous or homozygous for the insertion at
MREII were identified by PCR. This population, designated Gl1,
represents the first generation of plants without active telomerase.
Second-generation (G2) tert ku70 mrell triple mutants were derived
from self-pollination of a single G1 tert ku70 MREI1 */~ plant. (B)
TRF analysis in G2 tert ku70 mrell triple mutants was performed
using a telomere probe. No consistent difference in telomere size
was detected in tert ku70 mrell triple mutants compared to Mrell-
proficient siblings. (C) Fusion PCR products are present in ku70 tert
mrell G1, and are more abundant in G2. Fusion PCR products were
generated using 1R and 3L primers.

sterility, sustained propagation of a triple ku70 tert mrell
mutant was impossible. However, since end-to-end chromo-
some fusions can be detected as early as G1 of ku70 tert
double mutants, we reasoned that it would be possible to
assess the impact of Mrell dysfunction on chromosome
fusion within a single generation of plant growth. Triple
mutant plants (ku70 tert mrell) and ku?0 tert siblings hetero-
zygous for the insertion in Mrell (ku70 tert Mrell /7Y were
obtained by self-pollination of Ku70"/ Tert*/~ Mrell ™/~
plants. These plants were designated as G1, representing
the first generation of growth without active telomerase.
Self-pollination of G1 ku70 tert Mrell */~ plants yielded G2
triple mutants (ku70 tert mrell), representing two genera-
tions of growth without active telomerase. TRF analysis
showed that bulk telomere length in ku70 tert mrell G2
plants was comparable to that of sibling plants that retained
Mrell function (Figure 6B and data not shown). Thus, Mrell
dysfunction does not appear to affect significantly telomere
length in a ku70 tert background.
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Fusion PCR was performed using DNA prepared from G1
and G2 ku70 tert mrell plants to investigate the contribution
of Mrell to the fusion of short telomeres. PCR products
consistent with chromosome fusion were obtained from
DNA samples prepared from G1 plants and were more
abundant in G2 plants (Figure 6C). The increased abundance
of PCR products in G2 demonstrates that the frequency of
chromosome end-to-end fusions correlates with telomere
shortening and not with Mrell inactivation. Sequence ana-
lysis of cloned PCR products supports the idea that Mrell
contributes to the formation of fusion junctions. Although the
frequency of telomere-telomere and telomere-subtelomere
fusions was similar in ku70 tert and ku70 tert mrell mutants
(Figure 4), sequence analysis revealed striking differences in
the structure of telomere-subtelomere fusion junctions. Only
50% of the ku70 tert mrell clones displayed short regions of
microhomology (1-4bp) compared to 81% in ku70 tert
mutants (Supplementary Tables II and III). Moreover, small
insertions were observed in 10% of the ku70 tert clones
(6-18bp), while 40% of the ku70 tert mrell clones harbored
insertions (Supplementary Tables II and III). Overall, the
fusion junctions obtained from ku70 tert mrell mutants
closely resembled junctions isolated from tert single mutants.
These findings provide strong evidence that Mrell contri-
butes to the MMEJ reaction at critically shortened telomeres.
Moreover, the detection of chromosome end-to-end fusions in
plants lacking both Ku70 and Mrell demonstrates that
Arabidopsis can process dysfunctional telomeres by a variety
of distinct NHEJ mechanisms, only a subset of which have
been previously characterized.

Discussion

The primary function of the telomere is to define and protect
the ends of chromosomes, allowing those termini to be
distinguished from DNA double-strand breaks. In this study,
we used two different PCR strategies to follow the fate of
individual chromosome ends in Arabidopsis mutants experi-
encing telomere dysfunction through loss of telomerase.
Arabidopsis is particularly amenable to such studies since
most of its chromosome ends contain unique subtelomeric
sequences. Recently, a method comparable to our PETRA
approach, termed STELA, was employed to measure telomere
length on the short arms of the human sex chromosomes
(Baird et al, 2003). However, application of STELA to other
telomeres awaits the identification of additional unique sub-
telomeric sequences. PETRA not only allows us to evaluate
simultaneously telomere length for multiple chromosome
ends, but because it relies on the presence of an intact G-
overhang, it is designed to detect the shortest functional
telomeres in a population. PCR amplification of fusion junc-
tions complements PETRA, since telomere fusion is a defini-
tive indicator of loss of function.

Analysis of critically shortened telomeres

While PETRA confirmed that telomere length decreased
progressively through successive generations of telomerase
mutants, we unexpectedly found that the telomere length
distribution narrows sharply in later generations. It is con-
ceivable that shorter telomeres that have lost their G-over-
hang exist in the population but are rapidly recruited into
fusions. Removal of the G-overhang is necessary for
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chromosome fusion in human cells with dysfunctional TRF2
(Zhu et al, 2003). Alternatively, there may be selective
pressure applied to germline cells, such that only progeny
harboring telomeres within the functional range are pro-
duced. A telomere surveillance mechanism has been reported
for mice wherein cells bearing dysfunctional telomeres are
eliminated from the germ cell precursor pool by apoptosis
(Hemann et al, 2001a).

The shortest telomeres detected by PETRA are found in
plants displaying the terminal phenotype. This value is
~300bp in tert mutants, and is slightly longer in terminal
ku70 tert mutants. By contrast, the shortest telomeres de-
tected using a similar PCR technique in telomerase-deficient
yeast were only ~50bp long (Forstemann et al, 2000), six
times smaller than the shortest telomeres in Arabidopsis. This
difference may reflect alternative modes of telomere capping
in these species. Whereas telomere protection in yeast is
mediated through the binding of Cdcl3 protein to the G-
overhang (Nugent et al, 1996), chromosome termini in plants
are apparently sheltered in t-loops (Cesare et al, 2003). The
length of the shortest telomeres in Arabidopsis may corre-
spond to the minimal size required for efficient t-loop forma-
tion in vivo.

Nucleolytic processing of dysfunctional telomeres
Little is known about the molecular mechanisms that process
exposed chromosome termini and their role in triggering
chromosomal aberrations. The initial stages of double-strand
break repair typically involve nucleolytic degradation to
create suitable substrates for downstream reactions (Lieber
et al, 2003). Studies in yeast reveal that deprotected telomeres
are also subject to exonucleolytic resection (Baumann and
Cech, 2001; Hackett and Greider, 2003). In Ku70-deficient
budding yeast, chromosome ends are degradated by exonu-
clease 1 (Maringele and Lydall, 2002). Furthermore, in telo-
merase-deficient yeast, chromosome fusion is preceded by
extensive telomere shortening (Chan and Blackburn, 2003;
Hackett and Greider, 2003). Although relatively little informa-
tion is available concerning the processing of critically shor-
tened telomeres in higher eucaryotes, sequence analysis of a
small number of chromosome fusion junctions formed in
late-generation telomerase-deficient mice revealed a com-
plete loss of telomeric DNA (Hemann et al, 2001b).

Our results in Arabidopsis support the notion that exonu-
cleolytic processing of critically shortened telomeres occurs
prior to fusion. Among the 98 clones we sequenced, the large
majority involved telomere-subtelomere fusions. The extent
of nucleotide deletion in these junctions is consistent with
what occurs prior to repair of endonuclease-induced double-
strand breaks in plants (Kirik et al, 2000). We considered the
possibility that these clones represent secondary fusion
events resulting from initial telomere-telomere fusion fol-
lowed by one round of the BFB cycle. Since our PCR primers
are targeted to sequences very close to the telomere tract,
breakage of the dicentric chromosome in the next mitosis
would have occurred in the immediate vicinity of the original
fusion point, followed by a second round of fusion with
another nonfunctional telomere. While three of our clones
did display a complex structure consistent with such a
secondary fusion (Figure 4), the majority appear to reflect a
primary fusion event.
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We suspect that telomere-telomere and sister chromatid
fusions are under-represented in our study due to the inher-
ent difficulty in generating PCR products across large
palindromic regions. Indeed, in situ hybridization studies
demonstrate that fusion of homologous chromosomes
occurs frequently in late-generation telomerase-deficient
Arabidopsis (Siroky et al, 2003), yet we identified only five
examples of such junctions in our PCR survey. It is striking
that the incidence of telomere-telomere fusions was signifi-
cantly higher in ku70 tert double mutants than in tert singles.
Analysis of telomere length by PETRA revealed that the
telomeres of chromosomes 1R and 3L, which form frequent
end-to-end fusions, are slightly longer in terminal ku70 tert
plants than in tert single mutants. These findings, coupled
with the observation that telomere loss is markedly acceler-
ated in ku70 tert mutants (Riha and Shippen, 2003), argue
that Ku70 contributes to telomere protection in Arabidopsis.
Unlike mammals (Bailey et al, 1999; Samper et al, 2000), this
capping function is revealed only in the context of a telomer-
ase deficiency (Riha et al, 2002).

Role of NHEJ in fusing critically shortened telomeres
in Arabidopsis
Our data strongly support the contention that critically shor-
tened telomeres are processed as double-strand breaks and
are subject to NHEJ reactions. Both Ku and Lig4 have been
implicated in the fusion of aberrant telomeres in yeast and
mammals (Ferreira and Cooper, 2001; Espejel et al, 2002;
Smogorzewska et al, 2002; Chan and Blackburn, 2003;
Mieczkowski et al, 2003). However, end-to-end chromosome
fusions can also occur by other pathways, as telomere
associations can form in the absence of Ku in mammalian
cells (Bailey et al, 1999), fission yeast (Baumann and Cech,
2000) and Arabidopsis (Riha and Shippen, 2003). We inves-
tigated the mechanism of chromosome fusion in Arabidopsis
by comparing the nucleotide sequences of fusion junctions
formed in tert and ku70 tert mutants. In tert mutants, the
fusion junctions are consistent with conventional Ku-depen-
dent NHEJ, as they harbor small insertions, deletions and
microhomology. In the absence of Ku, chromosome fusion
appears to proceed via a more homology-driven process. We
noted a marked increase in the incidence of overlapping
microhomology, with a strong bias for joining of canonical
telomere tracts to telomere-related sequences in the subtelo-
meric region. This finding supports the view that Ku acts as
an alignment factor that holds DNA ends in apposition to
facilitate accurate repair (Feldmann et al, 2000). Ku binding
inhibits exonucleolytic attack (Tomita et al, 2003) and in its
absence sequence homology between the DNA ends plays
a more prominent role in proper alignment and efficient
synapsis (Ma et al, 2003). The shift in the structure of the
chromosome junctions formed in tert versus ku70 tert
mutants demonstrates that Ku contributes to the fusion of
dysfunctional telomeres in Arabidopsis. However, in its ab-
sence, an alternative and efficient NHEJ pathway operates.
The outstanding feature of this Ku-independent NHEJ
pathway is increased microhomology at the fusion junction.
Since studies in yeast demonstrated a Ku-independent MMEJ
pathway that requires the MRX complex, we asked whether
Mrell contributes to the fusion of critically shortened telo-
meres in a higher eucaryote by creating a triple mutant
deficient in Tert, Ku70 and Mrell. Remarkably, Arabidopsis

The EMBO Journal VOL 23 | NO 11 | 2004 2311



.

The fate of dysfunctional tel es in Arabidopsi:
M Heacock et al

retained the capacity to mediate chromosome fusions in this
setting, but microhomology at the junction was reduced
relative to that seen in double mutants lacking Ku70 and Tert.

These findings demonstrate an in vivo role for Mrell in
NHEJ in higher eucaryotes. The discovery that inactivation of
both Ku-dependent NHEJ and Mrell-dependent MMEJ does
not abolish end-to-end chromosome fusions in plants with
critically shortened telomeres is unexpected, as nearly all
end-joining activities in yeast are attributed to these two
pathways (Ma et al, 2003). We conclude that plants possess
at least three genetically distinct end-joining mechanisms that
can efficiently substitute for each other and may directly
compete in DNA repair. The robust and redundant nature
of end-joining pathways is further illustrated by the capacity
of Arabidopsis ku70, ku80 and lig4 mutants for T-DNA
integration (Friesner and Britt, 2003; Gallego et al, 2003b;
van Attikum et al, 2003). Since higher eucaryotes rely pri-
marily on NHEJ to repair double-strand breaks, redundant
end-joining activities may have evolved to ensure genome
stability.

Materials and methods

Plant growth and DNA preparation

The generation of Arabidopsis thaliana tert and ku?70 tert lines was
described previously (Riha et al, 2001; Riha and Shippen, 2003a).
Plants with a T-DNA insertion in the MREII gene were obtained
from the Salk collection (line 054418) (Alonso et al, 2003). Triple
tert ku70 mrell lines were created as shown in Figure 6A. A.
thaliana plants were grown as described (Riha et al, 2002). DNA
was extracted from whole plants 4-5 weeks after germination as
previously described (Riha et al, 2002). DNA concentration was
determined by agarose gel electrophoresis, using lambda DNA
digested with Hindlll as a standard.

Subtelomeric DNA sequences and chromosome-specific PCR
primers

Terminal DNA sequences for eight Arabidopsis chromosome arms
were identified in GenBank (1R, AC074299; 1L, AC007323 and
AC074298; 2R, AC006072; 3L, AC067753; 3R, AL732522; 4R,
AL035708 and Z12169; 5L, AB033277; 5R, AB033278). Unique
subtelomeric primers directed 5’ to 3’ toward the telomeric repeat
were designed for each, as indicated below.

Determination of telomere length

For PETRA, primer extension was performed using a primer bound
to the telomeric G-overhang (PETRA-T 5-CTCTAGACTGTGA
GACTTGGACTACCCTAAACCCT-3'), followed by PCR amplification
using a chromosome-specific subtelomeric primer (1R 5’-CTATTGC
CAGAACCTTGATATTCAT-3'; 1L 5'-AGGACCATCCCATATCATTGAGA
GA-3'; 2R 5'-CAACATGGCCCATTTAAGATTGAACGGG-3; 3R 5'-
CTGTTCTTGGAGCAAGTGACTGTGA-3’; 3L 5-CATAATTCTCACAG
CAGCACCGTAGA-3'; 4R 5-TGGGTGATTGTCATGCTACATGGTA-3’;
SR 5-CAGGACGTGTGAAACAGAAACTACA-3'; 5L 5-AGGTAGAGT
GAACCTAACACTTGGA-3’) and second primer (PETRA-A 5'-CTCTA
GACTGTGAGACTTGGACTAC-3') that recognizes sequence comple-
mentary to the 5’ non-telomeric sequence present on PETRA-T.
Primer extension reactions (50pul) included 1 x DNA Poll buffer
(Promega), 250 pM dNTPs, 0.2 uM PETRA-T primer, 500 ng genomic
DNA and 9U DNA Poll (Promega). The reaction was incubated at
16°C for 1h, and then overnight at 25°C. The next day, DNA was
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recovered by ethanol precipitation and suspended in 20 pl of water.
Each chromosome-specific PCR reaction (50 pl) included 1 x ExTaq
buffer (TaKaRa), 200 uM dNTPs, 0.4 uM PETRA-A primer, 0.4 uM
subtelomeric primer, 1/10 of the DNA recovered from the primer
extension and 2 U ExTaq (TaKaRa). Samples were incubated at 96°C
for 5min, followed by 20-25 cycles of 94°C for 15s, 60°C for 30s
and 72°C for 2 min, with a final incubation at 72°C for 10 min. A
15 ul aliquot of the PCR products was separated by electrophoresis
through a 0.8-1% agarose gel, and transferred to a nylon
membrane. Membranes were probed with a 3?P end-labeled
telomeric oligonucleotide (T3AG;)4. Hybridization was performed
at 55°C overnight, in a buffer consisting of 0.25M sodium
phosphate buffer (pH 7.5), 7% SDS and 1 mg/ml BSA. Filters were
washed in 2 x SSC/0.1% SDS and 0.2 x SSC/0.1% SDS, twice each
for 10min at 55°C. Hybridization signals were detected using a
STORM Phosphorlmager (Molecular Dynamics) and the data were
analyzed using IMAGEQUANT software (Molecular Dynamics). TRF
analysis was performed as described (Riha et al, 2001).

PCR amplification, cloning and sequence analysis of fusion
junctions

Chromosome fusion junctions were amplified by PCR using
subtelomeric primers in various pairwise combinations. Primer
sequences were as indicated above, with the following exceptions:
1L 5-ACAAGGATAGAAATAGAGCATCGTC-3’; 3L 5-AGACGAGGA
GACTAGGAACG-3'; 3R 5-GTATGGATGCCGGGAAAGTTGCAGA
CAA-3'; 5L 5'-CGACAACGAC GACGAATGACAC-3'; 5R 5'-TCGGTTGT
CGTCTTCAAG-3'. PCR reactions (20 pl) contained 1 x ExTaq reac-
tion buffer (TaKaRa), 125uM dNTPs, 0.5uM each primer, 0.5U
ExTaq (TaKaRa) and 100 ng genomic DNA. Samples were incubated
at 96°C for 2 min, followed by 34 cycles of 96°C for 30s, 55°C for
1min and 72°C for 1 min, with a final incubation at 72°C for 5 min.
A 10l aliquot of the PCR products was separated by electrophor-
esis through a 1% agarose gel, and transferred to a nylon
membrane. Membranes were hybridized with a 3*P end-labeled
(T3AGs3), or a specific subtelomeric oligonucleotide located distal to
the primer used for PCR (3L 5'-CATAATTCTCACAGCAGCACCGTA
GA-3'; 1R 5-ACAAACACAGTCAATCCTGC-3') as probes. Hybridiza-
tion and signal detection were performed as above.

For cloning of PCR products, unincorporated primers were
removed using the QIAquick PCR Purification Kit (Qiagen).
Products were then ligated into the pDRIVE vector (Qiagen) and
transformed into SURE® competent cells (Stratagene). Fusion
clones were detected by colony hybridization, using probes as
described above. DNA was prepared from clones of interest using a
QIAprep Spin Miniprep Kit (Qiagen). DNA sequence reactions were
performed using the BigDye Reaction Mix (Perkin Elmer-ABI), and
products were evaluated using an ABI PRISM 377 DNA Sequencer.

Statistical methods

An unpaired t-test was used to compare telomere lengths between
mutant plants at different generations of propagation. Nonpara-
metric data were compared using a Wilcoxon’s rank sum test.
Comparison between categorical variables was completed using the
x* test. A P-value <0.05 was considered significant.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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